We determined the number and distribution of rRNA genes among individuals of eight pitch pine populations representing a small ecosystem. While these populations show little or no variation for allozymes and also experience high gene flow, they exhibit large amounts of morphological diversity, apparently caused by environmental stress. Nine to ten contigously distributed individuals, located approximately at the centre of the plots in seven out of eight populations, were used toward determining copy numbers. These ranged from 355 to 7356. Approximately, a 1 2-fold variation among individuals within populations, and 21-fold variation between the lowest and the highest values, among populations was recorded. Numbers of rDNA copies were found to be lower among populations subjected to environmental stress. We conclude that strong diversifying selection may influence the abundance of rRNA genes among pitch pine populations.
Introduction
In higher plants, 10-90 per cent of the total genome is composed of repetitive sequences (Flavell, 1983; Murphy & Thompson, 1988) . Although the function and maintenance of a majority of these sequences is obscure, the product of one of them, the ribosomal RNA (rRNA), plays a central role in protein synthesis, and hence is important in growth, development and reproduction (Stern et a!., 1989) . Ribosomal DNA (rDNA) consists of a tandem array of repeat units varying from 500 to 40,000 copies per genome (Long & Dawid, 1980; Rogers & Bendich, 1987) .
Several workers have attempted to relate variation in the abundance of rRNA genes to phenotypic (quantitative) characters and environmental factors in various organisms. For example, Ritossa et al., (1966) and Frankham et al., (1980) reported that the 'bobbed' phenotype in Drosophila melanogaster, characterized by delayed development and thin short bristles, was associated with low abundance of rDNA. Similarly, Dutton & Kreider (1985) found a positive relationship between rDNA amount and bristle length, while complete loss of rDNA was lethal. In flax, a higher number of rRNA genes were associated with tall forms, while shorter forms (apparently induced by environmental stress) had fewer copies of rRNA genes (Timmis & Ingle, 1973; Cullis, 1987) . In Douglas-fir, Strauss & Tsai (1988) reported a positive association between a high number of rRNA genes and high altitude Recently, Zhang et a!., (1990) did not find a strong association between the rDNA copy numbers and population adaptation to various ecogeographical conditions in barley. However, no data are available on the quantitative variation of rRNA genes among closely located individuals within and among natural populations at the level of an ecosystem, for any forest tree species. In the present study, we report the distribution of rRNA genes among individuals within populations, and among several populations spread across a small pitch pine ecosystem -the Pine Barrens of New Jersey.
Populations of pitch pine in the Pine Barrens of New Jersey have been suggested to have developed dynamically over time and space, imposed by variable fire frequencies (McCormick & Buell, 1968) , leading to the formation of a 'mosaic' landscape (Forman, 1979) . This ecosystem is comprised of dry, mesic, aquatic and wetland environments, occupying a contiguous area of approximately 400,000 hectares in the southern portion of New Jersey. Pitch pine shows a large phenotypic amplitude in the Pine Barrens: it grows as a shrub (2-4 m) in the East and West Plains, but attains a height of nearly 30 m in some parts of the ecosystem. The dwarf form in the Pine Plains has been described as an adaptive response to relatively higher fire frequencies (Givnish, 1981 and references therein) In an attempt to study population differentiation between the Plains (dwarf) and the other (tall) populations of the Pine Barrens, Good & Good (1975) conducted a growth study on progeny obtained from the tall and the dwarf forms and found a statistically significant difference in growth rate between the two forms; they therefore suggested that the contrasting growth patterns may be attributable to genetic differences. On the other hand, Guries & Ledig (1978) , failed to detect a significant variation in gene frequencies between the tall and the dwarf forms using allozyme markers, which may be explained by high levels of gene flow existing among these populations (Govindaraju, 1 989a) . Moreover, no variation for genome size (haploid DNA content or Cvalue) has been reported among pitch pine populations from its distribution range (Dhillon et al., 1978) .
Ribosomal genes belong to a multigene family and are distributed on one or several chromosomes in the genome. In radiata pine (and perhaps in all pines), however, rRNA genes are distributed on several chromosomes (Cuffis et a!., 1988). The number as well as sequence variation in multigene families may be maintained by a number of processes included in the description of molecular drive (gene conversion, unequal crossing over, replication slippage etc., Dover, 1982) , which could lead to homogeneity among individuals and populations. Molecular drive describes intragenomic homogenization (spread of a variant through a gene family) as well as intergenomic fixation in sexual populations. These dual processes could lead to wide fluctuations in copy numbers among individuals (Dover, 1989) . The breeding system in highly crosspollinated plants such as pines, offers greater opportunities for the spread as well as fixation of variants among genomes due to high levels of gene flow among individuals and populations (Govindaraju, 1988) .
Several theoretical and experimental studies on natural populations of both plants and animals have, in fact, shown that numerical and sequence divergence among multigene families may be maintained by selection (Cluster et a!., 1987; Stephan, 1989; Templeton et a!., 1989; Williams, 1990; Zhang et a!., 1990) . Therefore, it is likely that pitch pine populations in the Pine Barrens may show varying abundance of copy numbers. The present study has the following objectives: (a) to test the null hypothesis that there is no divergence for rDNA copy numbers, and (b) to examine if there is a qualitative association between copy numbers and environmental variation among closely located pitch pine populations from the Pine Barrens of New Jersey.
Materials and methods
The study consisted of 77 individuals representing eight sites in the Pine Barrens ( Fig. 1 ; Table 1 ). Nine to ten individuals measuring at least two inches approximately one foot above the ground level were mapped on to a two-dimensional grid in six out of the eight populations. Individuals from the other two populations were not mapped. Needle tissue was collected from one branch of each of the 77 individuals representing eight localities in the Pine Barrens. Total genomic DNA was extracted from 10 g of leaf tissue using a CTAB procedure (Wagner et a!., 1987) , and was suspended in 500 ul-1ml 0.1 XTris-EDTA buffer. This DNA was further diluted to approximately 100-250 ug/ml on the basis of band intensity of uncut genomic DNA on ethidium bromide-stained gels. The diluted DNA was mixed with heat-treated RNAse and proteinase-K to remove RNA and protein respectively [following Maniatis et a!., (1989) ] and was subsequently extracted with phenol, phenol/chloroform, chloroform, and ethanol precipitated, and the DNA was resuspended in 0.1 X Tris-EDTA to original concentration. *Age was determined on the basis of growth features such as needle scars and leader extension and hence approximate. tldentification of soil types based on detailed soil maps (Anonymous, 1973; Markley, 1979) . tlndividuals distributed over approximately one acre area. §Contiguously distributed individuals.
The concentration of DNA in each of the samples was estimated by fluorometry (Labarca & Paigen, 1980; Riley et a!., 1989) , with a multi-fluorometer (Hoefer Scientific, CA) following the manufacturer's instructions.
The number of rDNA copies was determined by slight modifications of the method outlined by Rivin et al., (1986) . Briefly, Zetaprobe (Biorad) membrane of known size was wetted with distilled water and was pasted on to the lower side of the top slab of the slot-blotter (Minifold II; Scleicher & Schuell). Two layers of Whatman 3MM paper, soaked in 0.4 M NaOH, were placed beneath the membrane and the slot-blot apparatus was assembled. The apparatus was connected to a vacuum, and the wells were filled with 0.4 MNaOH and the liquid was slowly filtered through. Subsequently, 250 ng of pine DNA, denatured with 4 ul of 4 M NaOH, 0.1 )< TE (total volume = 100 4ul) was placed in microfuge tubes, boiled for 5 mm and cooled on ice. The mixture was briefly vortexed and loaded on to the membrane. Only the centre wells (45 out of 96) were used. Six were loaded at a time, and a gentle vacuum was applied to filter the mixture through the membrane. Similarly, four concentrations of flax rDNA plasmid, pBG-35 (250, 500, 750 and 1000 pg) were applied along with 100 ng of herring sperm DNA, as internal standards on each blot. Samples from each population were applied on to a blot in a randomized block design with three replications. The slots were subsequently washed with 250 ul of 0.4 M NaOH, and the liquid was removed by vacuum. The blots were later rinsed in 5 x SSC, air-dried and baked under vacuum for 1 h. Each blot was hybridized with labelled pBG-35 using the oligonucleotide procedure (Feinberg & Vogelstein, 1983) . Following hybridization, the blots were washed twice with 0.1 x SSC/0.1 per cent SDS at 5 5°C, air-dried for about 5 mm, wrapped in plastic sheets and autoradiographed at -70°C for varying lengths of time using pre-flashed Fuji NIF-RX X-ray film with two intensifying screens.
The extent of hybridization of each sample was measured using a densitometer (Shimadzu scanner, model, CS-930). The absolute copy number in each slot was determined as a ratio of hybridizing fragments in pBG-35 and the pine DNA, as outlined by Riven et al., (1986) . The linear response of both plasmid and genomic DNA was also tested independently. An average value was obtained for standards in each blot, which was subsequently used to compare the signal of pine DNA in each of the slots on a given blot. The copy number per individual was later determined as an average value across three replications. Both untransformed as well as log-transformed values of the average number of copies per individual were subjected to oneway ANOVA to test for variation among populations. Similarities among population means were evaluated using Tukey's multiple mean comparison test (Zar, 1984) .
Results and discussion
Copy number variation, both within and among the eight populations of pitch pine, was noted on the basis of band intensities of the pBG-35 standards and the genomic DNA on the autoradiogram. Linear responses Fig. 2 Linear responses of flax rDNA plasmid pBG35, and pitch pine genomic DNA. Note that the samples were exposed on two separate films for different lengths of time and therefore, the intensity of darkness of the plasmid and the pine DNA bands are mutually exclusive.
of both plasmid and the genomic DNA are presented in Fig. 2 . The variation of copy numbers among individuals within populations ranged from just twofold in LL and BR populations, to 12-fold in the WP population. Note, however, that only one out of the nine trees in WP population had 4728 copies, but the other eight trees ranged from 398 to 3132 (data not presented).
In addition, there was a 21-fold difference between the lowest and the highest values among the 77 individuals examined (Table 2) . However, rDNA copy numbers in 95 per cent (74 out of 77) of the individuals included in the study ranged from 737 to 6816 (Fig. 3) . A fourfold variation for mean copy numbers was observed among populations which ranged from 1434 in EP to a high of 5416 in LL population. The highest variance was found in PF population, followed by WP, and the lowest was recorded in EP (Table 2 ). In general, there were two patterns in the dataset: the first group (WB, LL, PF and BR) showed high (mean = 4923) numbers; while the second group (WP, EP, WF and AN) recorded lower (mean= 1597) numbers, and these differences were significant (t-test; P <0.001). Tukey's multiple sample comparison test also identified two groups, and no significant difference among populations within each of the two groups was noticed ( Table   2 ). The variation among populations was significant (P<O.01).
Ribosomal DNA copy number variations have been reported both within and among individuals and populations of various plant species. For example, Rogers & Bendich (1987) reported a 12-fold variation within individuals, but almost a 95-fold difference among individuals within a population of Vicia faba. In maize, Buescher et al., (1984) , reported a 4.6-fold difference among individuals; while Zhang et al., (1990) found a 6.4-fold difference among individuals The dwarf nature of these populations has been described as an apparent adaptation to higher fire frequencies relative to the other parts of the Pine Barrens, as well as to the distribution range of pitch pine (Ledig & Fryer, 1973; Good & Good, 1975; Givnish, 1981) . Thus, while it is reasonable to assume that fire-related stress may have affected both the rDNA copy numbers as well as morphology of individuals of EP and WP populations, AN and WF do not share morphological similarities with the individuals from the Plains' (WP and EP) populations. Geographically, PF and BR populations are wedged between WP, EP and AN and WF (Fig. 1) , and yet show high copy numbers. Compared to WB, LL, PF and BR the individuals of AN and WF populations generally showed poor growth (Table 1 and D. R. G. personal observations). Nonetheless, the poor growth was not comparable to dwarf individuals found in EP and WP populations. These results, therefore, are consistent with the suggestion that environmental stress may contribute toward reducing the abundance of rDNA copy numbers. However, the reduced copy numbers may not have the single most important effect on morphological variability.
Many attempts have been made to establish the relationship between the abundance of rDNA copies and morphological variation. For example, using several inbred lines of corn Buescher et a!., (1984) reported no relationship between rDNA copy numbers and growth performance. Recently, Zhang et a!., (1990) observed low copy numbers among individuals collected from localities that received high or low rainfall. These results led them to conclude that '... the erratic variations observed suggest that copy number is at the most, weakly associated with adaptedness'. The results of our study, although similar to those of Zhang eta!., differ in detail: three out of four populations (WP, EP and AN) that showed low copy numbers grow on sandy soils, and the WF population is interspersed with hardwood vegetation, but pitch pine individuals of WF and AN share a great deal of morphological similarities as well as growing conditions (Anonymous, 1973; Markley, 1979) . In contrast, individuals representing WB, LL, PF and BR populations are well-developed (Table 1) and are also interspersed with diverse vegetation, indicating relatively better growing conditions. Therefore, while these results indicate a relatively stronger association between low copy numbers and environmental stress rather than copy numbers and morphology, only detailed analysis of all three parameters, namely, environmental stress, morphology and rDNA copy numbers (e.g. Govindaraju & Dancik, 1987a, b; Nevo, 1988) could provide a more accurate description of the dynamics of these associations.
Ribosomal RNA genes belong to a multigene family, which arose by gene duplication and recombination (Maclntyre, 1976; Ohta, 1990) . These types of gene family are subjected to molecular drive, which includes forces such as mutation, unequal crossingover, unequal sister chromatid exchange, replication slippage, gene conversion and random genetic drift (Ohta & Dover, 1983; Ohta, 1988 forces, specifically unequal exchange events, could lead to deletion or duplication of individual copies as well as homogenization of variants within genomes (Li & Graur, 1991) . Organisms such as pines experience conflicting forces which affect the abundance of repetitive sequences. On the one hand, they experience very high levels of gene flow, which could provide greater opportunity for the spread of repeat variants among genomes (individuals), on the other hand, they are also characterized by long and overlapping generation cycles which might retard the rate of spread of repeat units among individuals and populations. The length of generation time is known to affect the rate of accumulation and deletion of DNA sequences (Kohne, 1970) . According to Dover (1989) , the extent to which natural selection influences new variants depends on 'the ecology and ontogeny of individuals'. Thus, it is likely that rDNA copy numbers among pitch pine populations in the Pine Barrens may be modulated by the combined effects of the internal dynamics of the genome (molecular drive) and the external evolutionary agents such as selection.
The rDNA copy number variation in this study was based on one sample per individual and 9-10 individuals per population. Therefore, no conclusion can be drawn about, (a) intra-individual variation for copy numbers, (b) absolute maximum and minimum number of copies among individuals in any given population, and (c) if there are dines (smooth vs. stepped; Endler, 1977) for copy numbers between populations in relation to environmental gradients. Variation for rRNA genes within individuals has been reported in organisms such as Drosophila (Tartoff, 1975) , Neurospora (Russell & Rodland, 1986) and Vicia (Rogers & Bendich, 1987) . Pitch pine is known to sprout by means of epicormic buds (buds under bark) following fire. Therefore, somatic variation within a tree may have gone undetected. We believe, however, that intraindividual variation may be minimum if any because, in sitka spruce, Strauss & Howe (1990) failed to detect any measurable difference for rDNA copy numbers among branches separated by hundreds of years. Increased sample sizes per population, sampling individuals along transects to include environmental gradients, accurate description of environmental stresses and age structure are necessary in future studies.
The Pine Barrens ecosystem is a 'mosaic' landscape consisting of highly heterogeneous environments (Forman, 1979) , which could allow varied levels of selection intensities (particularly viability selection; Govindaraju, 1989b) to operate among the populations. Furthermore, in species such as pitch pine, which is characterized by many rDNA loci, spread across several chromosomes, reassortment of these loci may lead to individuals with a different number of rRNA genes (Flavell et al., 1986) . Individuals carrying a varied number of rRNA genes are further subjected to external evolutionary forces such as selection. Consequently, the 'molecularly driven' copy number distributions may achieve a functional relationship with changing populations (in response to external forces) in their natural environment by a continuous readjustment of genomic families (Dover, 1986 (Dover, , 1989 . The two major patterns of rDNA copy number distribution observed in this study may indeed mimic this scenario. Accordingly, the divergent patterns of distribution of rDNA copy numbers among pitch pine populations in the Pine Barrens could be best explained in terms of diversifying selection (Dobzhansky, 1970) , due to genotype-environment interactions (Haldane, 1948; Tajima & Mukai, 1990; Endler, 1986; Wade & Kalisz, 1990 ). Such a synergistic interaction of the rDNA multigene family (as well as other multigene families) in response to divergent selective forces may contribute partially to adaptation and evolution of natural populations in heterogeneous enviromnents.
